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Understanding decoherence in cryogenically-cooled rare-earth-ion doped glass fibers is of funda-
mental interest and a prerequisite for applications of these material in quantum information applica-
tions. Here we study the coherence properties in a weakly doped erbium silica glass fiber motivated
by our recent observation of efficient and long-lived Zeeman sublevel storage in this material and by
its potential for applications at telecommunication wavelengths. We analyze photon echo decays as
well as the potential mechanisms of spectral diffusion that can be caused by coupling with dynamic
disorder modes that are characteristic for glassy hosts, and by the magnetic dipole-dipole interac-
tions between Er3+ ions. We also investigate the effective linewidth as a function of magnetic field,
temperature and time, and then present a model that describes these experimental observations.
We highlight that the operating conditions (0.6 K and 0.05 T) at which we previously observed
efficient spectral hole burning coincide with those for narrow linewidths (1 MHz) – an important
property for applications that has not been reported before for a rare-earth-ion doped glass.
I. INTRODUCTION
Cryogenically-cooled rare-earth-ion (REI) doped mate-
rials offer unique spectroscopic properties, such as narrow
optical linewidths and long-lived shelving levels that al-
low for spectral tailoring of their inhomogeneously broad-
ened absorption lines. These properties are required si-
multaneously in order to implement many of the poten-
tial applications of REI-doped materials, including opti-
cal quantum memories1,2, as well as classical and quan-
tum signal processing3,4. Compared to crystals, the prop-
erties of REI’s in amorphous hosts are generally very dif-
ferent because of the intrinsic disorder of the environ-
ment. This disorder comes with some advantages, in
particular larger inhomogeneous broadening that is re-
quired for high-bandwidth or spectrally multiplexed ap-
plications. Furthermore, the increased inhomogeneous
broadening of electron and nuclear spin transitions can
inhibit spin diffusion that leads to decoherence5. This
reduction was a key factor in our recent observation of
efficient optical pumping into Zeeman sublevels with spin
lifetimes reaching 30 s in an erbium-doped fiber6. How-
ever, in addition to long-term storage mechanisms, an-
other prerequisite for the above-mentioned applications
is a narrow homogeneous linewidth. REI-doped amor-
phous materials generally exhibit much larger homoge-
neous linewidths at liquid helium temperatures compared
to REI-doped crystalline hosts due to interactions with
dynamic fluctuations in the environment that are tradi-
tionally modeled as bistable two-level systems (TLS)7,8.
Motivated by our recent observation of slow spin
relaxation6 in a weakly-doped erbium-doped fiber that
has allowed storing members of entangled photon pairs9,
we now investigate coherence properties of such a fiber
with special attention to the regime of low magnetic fields
where long Zeeman lifetimes were observed. More pre-
cisely, we report the magnetic field and temperature de-
pendence of the optical coherence using two pulse pho-
ton echo (2PPE) and three pulse photon echo (3PPE)
techniques. The fiber studied here has very similar com-
position and Er-doping concentration as the one used in
our previous studies6,9. In particular, both fibers fea-
ture long-lived persistent spectral holes with very similar
characteristics.
Our paper is organized as follows. First, we discuss the
results of the 2PPE measurements including the observed
non-exponential echo decays in the context of spectral
diffusion. We then present a detailed analysis describ-
ing the observed behaviors that combines elements from
theoretical and semi-empirical models that have been de-
veloped in the past for glassy and crystalline hosts. In
agreement with results of previous studies10,11, we find
that coupling with TLS significantly limits the coherence
lifetimes to less than 1 µs even at high magnetic fields and
temperatures as low as 600 mK. However, an important
new finding is that the best coherence properties exist at
weak magnetic fields of around 0.05 T, which correspond
to the optimal field strength for persistent spectral hole
burning in this material6. This result is highly desirable
for applications requiring both long coherence times as
well as long spin state lifetimes.
II. EXPERIMENTAL DETAILS
Our silica glass fiber (INO Canada, S/N 404-28565)
is 25 m long and contains erbium, aluminium, germa-
nium and phosphorus co-dopants. The Er and Al doping
concentrations in the core are 80 ppm and 1800 ppm,
respectively, and the concentrations of G and P are un-
known. The fiber is cooled to temperatures as low as
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FIG. 1. Two-pulse photon echo peak intensity as a function of
the time delay between the two excitation pulses at T = 0.7 K
for B = 0.05 T (blue dots) and B = 1 T (yellow dots). The
pulse sequence is shown in the inset. The experimental data
are fitted by a single-exponential function (dashed lines) with
characteristic decay constants T2 = 247 ± 14 ns and T2 =
396± 16 ns.
T = 600 mK using an adiabatic demagnetization refrig-
erator (please note that, unlike fluoride and tellurite glass
fibers, silica glass fibers are easy to use at cryogenic tem-
peratures), resulting in an optical depth of αL = 1.6 at
λ = 1536 nm wavelength. Magnetic fields B of up to 2 T
are applied by means of a superconducting solenoid.
To perform the 2PPE (or 3PPE) measurements, we
used two fiber-coupled electro-optic modulators to gen-
erate excitation pulses from a continuous wave external-
cavity diode laser operating at λ = 1536 nm. The light
was then amplified using an erbium-doped fiber amplifier
(EDFA). In order to suppress spontaneously emitted and
amplified light from the EDFA, we filtered the output in
polarization with a polarizing beam-splitter, in frequency
with a 1 nm bandpass filter, and in time using an addi-
tional intensity modulator before sending the excitation
pulses into the Er3+-doped fiber. The first pulse was 4 ns
long, and the duration of the second (and third in case of
3PPE) pulse was 8 ns. All pulses emerging from the fiber
were detected with an amplified photodetector (Newport
AD-200xr). Since any persistent hole-burning will affect
the echo signal strength, we ensured that the repetition
period of the experiment exceeds the characteristic (mag-
netic field dependent6) persistence lifetime.
III. TWO-PULSE PHOTON ECHO
MEASUREMENTS – ANALYSIS AND MODEL
The optical coherence properties of the fiber can be
extracted from two-pulse photon echo measurements. In
a 2PPE sequence, two short pulses, separated by a wait-
ing time t12 are sent into an inhomogeneously-broadened
ensemble of absorbers. This gives rise to the emission of
an echo at time t12 after the second pulse. The variation
FIG. 2. Spectral diffusion processes in a rare-earth ion doped
glass. The local environments of the optically probed Er3+
ions in the center of the grey circle are perturbed by either
direct interaction with fluctuations in the state of neighbor-
ing TLS (depicted on the right-hand side), or interaction with
fluctuations in the state of other Er3+ spins in the local envi-
ronment driven by TLS or another Er3+ ion. Inset: double-
well potential-energy structure of the TLS, with asymmetry
energy ∆, barrier energy V0 and well separation L.
of its intensity as a function of t12
I(t12) = I0 e
−4piΓht12 (1)
reveals the homogeneous linewidth Γh (which is inversely
proportional to the coherence lifetime: Γh = (piT2)
−1)
assuming that all absorbers have the same coherence
properties. Fig. 1 shows typical examples of the echo
intensity as a function of the pulse separation t12 for
B = 0.05 T and B = 1 T. The echo decays clearly show
a non-exponential behavior: they deviate from a single
exponential fit (see dashed lines) roughly at t12 ≥ 0.2 µs,
and feature a slower decay after this point. This differs
from what has been observed in previous investigations
of coherence properties in Er-doped fibers, where simple
exponential decays were reported11,12 – most likely be-
cause the dynamic range of the echo decays in theses past
studies was smaller. In our case, the experimental echo
decays can be fitted by the sum of multiple exponential
functions, which could suggest the presence of several
classes of ions with distinct coupling strengths to their
environment, or of several distinct perturbing processes.
However, these explanations are not likely for an amor-
phous host where a random distribution of different site
environments is usually assumed.
Due to the amorphous nature of the fiber, we expect a
broad, continuous distribution of coherence-limiting pro-
cesses to affect the Er3+ ions. Of particular importance
are changes in the local electric or magnetic field at the
Er3+ ion position; they result in time-dependent shifts
of its optical transition frequency – so-called spectral dif-
fusion – which is taken into account by using an effec-
tive homogeneous linewidth Γeff . As depicted in Fig. 2,
these shifts can arise due to interactions with neighbor-
ing TLS’s (or tunneling modes) and Er3+ spins, each de-
3scribed by two states featuring a certain energy splitting
and random population fluctuations at a certain local
rate13,14.
Two-level systems7,8 are intrinsic to amorphous mate-
rials and are present with a continuous distribution of
flip rates R and energy splittings E that both depend on
the asymmetry energy ∆, well separation L, and barrier
energy V0 (see inset of Fig. 2), as well as on the magnetic
field in certain cases (so-called spin-elastic or magnetic
TLS’s)11,12,15. Thus, the calculation of the intensity of a
2PPE must include integration over a continuous distri-
bution of rates and energy splittings:
I(t12) = I0
∫ ∫
e−4piΓeff (R,E,T,t)t12dRdE , (2)
where
Γeff(R,E, T, t) = Γ0(T ) + ΓSD(E, T )P (R,E)(1− e−Rt) .
(3)
Γ0(T ) is the intrinsic homogeneous linewidth (without
spectral diffusion), and the spectral diffusion linewidth
ΓSD is given by
ΓSD(E, T ) = Γmax sech
2
(
E
2kT
)
, (4)
where Γmax is the maximum possible linewidth broaden-
ing caused by spectral diffusion, k the Boltzmann con-
stant, and T the temperature16. Furthermore, the prob-
ability distribution for finding a TLS with energy E and
flipping rate R, P (R,E), is given by
P (R,E) =
1
R
√
1−R/Rmax(E)
, (5)
with Rmax(E) ∝ E3 coth
(
E
2kT
)
17. In the case of interac-
tions with a magnetic TLS or the spin of another Er3+
ion, the energy E is given by gµBB, where g is the effec-
tive g-value for the perturbing TLS or Er3+ ion, µB the
Bohr magneton, and B the applied magnetic field. Using
Eq. 2, one can fit Γeff to the individual echo decays by
summing over five individual processes: spectral diffusion
due to direct interaction of the probed Er3+ ions with
non-magnetic (process 1) or magnetic (process 2) TLSs;
spectral diffusion due to interaction of the probed Er3+
ions with pairs of coupled Er3+ spins in the environment
that randomly exchange spin states (Er3+-Er3+ spin flip
flops) (process 3); and spectral diffusion due to inter-
action of the probed Er3+ ions with Er3+ spins that are
strongly coupled to magnetic (process 4) or non-magnetic
(process 5) TLSs that drive spin flips (i.e. Er3+-TLS flip
flops). Due to the data set being limited in size and
quality as well as computational complexity, we did not
succeed in fitting all echo decays with one unique set of
model parameters. However, as we will describe next, re-
stricting the coherence-limiting processes to (1), (3) and
(4), we were able to reproduce the magnetic field and
temperature dependence of the single-exponential fits to
our data shown in Fig.1 for the effective homogeneous
linewidth Γeff(B, T ).
T = 0.7 K
Γ eff
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FIG. 3. Magnetic field dependence of the effective homoge-
neous linewidth Γeff at T = 0.7 ± 0.05 K. The dashed lines
shows the theoretical prediction of Eq. 6 with the set of pa-
rameters in Table I.
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FIG. 4. Temperature dependence of the effective homoge-
neous linewidth Γeff at B = 0.05 T and B = 2 T. The dashed
lines shows the theoretical prediction of Eq. 6 with the set of
parameters in Table I.
IV. TEMPERATURE AND MAGNETIC FIELD
DEPENDENCE OF THE EFFECTIVE
HOMOGENEOUS LINEWIDTH
To extract the effective homogeneous linewidth as a
function of magnetic field and temperature, we fit all
measured echo decays using the single exponential func-
tion described in Eq. 2 (after replacing Γh with Γeff).
These fits describe the coherence data over the first
decade of the decays, thereby restricting the assessment
of coherence-limiting processes to that region of the data;
nevertheless, we should note that the first decade of the
decay represents the dominant decoherence mechanisms
that are primarily responsible for the performance in ap-
plications, with the different behaviors observed at longer
times resulting from either higher-order processes and
correlations or groups of minority ion sites in the mate-
rial.
In Figs. 3 and 4 we plot examples of the experimen-
tally obtained effective linewidth Γeff as a function of
4magnetic field for a fixed temperature and as a func-
tion of temperature for two different magnetic fields. In
the case of varying magnetic field (Fig. 3), we observe
two components. The first one is magnetic field inde-
pendent and has been attributed to dephasing due to
non-magnetic, or elastic, TLS11,12. At 0.7 K its contri-
bution to the Er3+ homogeneous linewidth in our fiber is
roughly 0.75 MHz. The second component is magnetic
field dependent: it dominates at small magnetic fields
and is rapidly suppressed as the field increases. This be-
havior has been attributed to spectral diffusion due to
the interaction of Er3+ ions with magnetic TLS11,12 , or
other Er3+ ions in the environment15. The latter pro-
cess is regularly observed in Er3+-doped crystals18–20. In
the region of low magnetic field, we observe a local min-
imum at B ≈ 0.05 T, followed by a local maximum at
B ≈ 0.15 T. This behavior is similar to what has been
observed in Er3+-doped crystals, such as Er3+:LiNbO3
and Er3+:KTP19,20, and can be explained by the compe-
tition between two mechanisms: the interaction between
Er3+ ions, which decreases with B, and the interaction
between Er3+ ions and resonant TLS, which increases
with B according to the TLS density of states6. Note
that the overall effect of the spectral diffusion caused by
Er-Er interactions i.e. processes (3,4,5) is 0.7 MHz at 0.1
T and 0.7 K in our 80 ppm Er-doped fiber, whereas it is
about 40 kHz at the same magnetic field and at 3 K in a
80 ppm Er3+:LiNbO3 crystal
19. Thus, this contribution
is larger in the fiber, but due to the broadening of the
spin transition reducing spin flip flops, it is suppressed
more rapidly with the application of a magnetic field.
Investigating Γeff at low and high magnetic fields as a
function of temperature (Fig. 4), we observe that both
components increase nearly linearly with temperature.
This agrees with the characteristic behavior of TLS-
limited coherence21, in which the effective linewidth is
proportional to Tn, with values of n reported between 1
and 1.511–13.
A. Spectral diffusion model
Next, we fit the effective linewidths using a model that
takes into account the three processes described previ-
ously (1, 3, and 4). Our model combines what has been
proposed for amorphous media21 and crystals (in partic-
ular in the case of Er:YSO18). We write the coherence
lifetime as
T2 =
2 (Γ0 + α0T
n)
ΓSDR
(√
1 +
ΓSDR
pi(Γ0 + α0Tn)2
− 1
)
.
(6)
Here, Γ0 is the homogeneous linewidth at T = 0 K,
α0 is a constant describing the direct interaction with
non-magnetic TLS (process 1), and 1 ≤ n ≤ 1.5. The
term 12ΓSDR represents the shortening of the coherence
lifetime through spectral diffusion caused by magnetic
dipole-dipole interactions (since the Zeeman energy level
Γ0 (0.0± 0.5) MHz
α0 (1.1± 0.5) MHz/Tn
n 1.1± 0.4
genv 14.4± 1.6
α1/Γmax 11± 5 GHz
α2/Γmax 348± 42 (T K)−1
TABLE I. Parameters resulting from the 2-dimensional fit of
Eq. 6 to Γeff(B, T ).
splittings are on the order of kT, only spins are thermally
activated and thus, the dynamics are dominated by mag-
netic dipole-dipole interactions between co-dopants) with
surrounding Er3+ spins, which are flipped by neighbor-
ing Er-ions or TLS (processes 3 and 4). The associated
flipping rate R can be described by
R(B, T ) =
α1
Γ0S + γSB
sech2
(
genvµBB
2kT
)
+ α2BT .
(7)
The first term corresponds to spin flip-flops between Er3+
ions, with a coupling coefficient α1 (process 3). We
include broadening of the inhomogeneous linewidth ΓS
of the spin transition with magnetic field, i.e. ΓS0 =
Γ0S + γSB, with Γ
0
S = 1.5 GHz and γS = 150 GHz/T,
as observed in our previous work on spin relaxation in
erbium-doped fiber6. The second term corresponds to flip
flops with magnetic TLS, with a coupling coefficient α2
(process 4). While this effect is in some ways analogous
to the coupling with phonons in crystals, we observed in
the same previous work that it is proportional to B, i.e.
has a different dependence on the magnetic field due to
the difference in the density of states of the TLS22. The
flip-flop rate increases with magnetic field for B > 0.05 T,
which opposes the reduction of the linewidth ΓSD with B,
hence giving rise to the local maximum observed in the
magnetic field dependence of the homogeneous linewidth
(see Fig. 3). Fitting Eq. 6 to the magnetic field and
temperature dependence of the homogeneous linewidth
Γeff(B, T ) results in the parameters listed in Table I. The
values of Γ0S and γS have been fixed to the values found
in our previous investigation of 1.5 GHz and 150 GHz/T,
respectively6.
The agreement between our model and the experimen-
tal data is exemplified by the data sets shown in Figs. 3
and 4. Furthermore, the value of 1.1 for the exponent n
is in agreement with previous work11–13, and the value of
genv = 14.4, while large, is within the allowed range from
0 to 18 for the 4I15/2 levels of Er
3+ ions23–28. We also note
that the rate of Er3+ spin flips, characterized by α1 and
α2, is on the order of MHz to GHz.However, we reported
spin relaxation (i.e. spin flip) rates on the order of Hz
in our previous study of persistent spectral hole burning
in a similar fiber6. We believe that this large difference
in behavior can be explained by the broad distribution
of spin relaxation rates spanning the entire range from
5Hz to GHz. The coherence lifetime is limited by spectral
diffusion that occurs at the fastest rate whereas the pos-
sibility for persistent spectral hole burning is determined
by Er3+ ions with the slowest rates; in addition to causing
spectral diffusion, the small fraction of rapidly relaxing
ions leads to the observed temperature-dependent limit
on the maximum hole depth.
Overall, the coherence properties improve at low tem-
perature and high magnetic fields, with an optimum of
Γeff = 0.55 MHz at T = 0.64 K and B = 2 T (see Fig. 4).
However, the broadening of the effective linewidth at
magnetic fields of around 0.05 T (at which persistent
spectral hole burning is possible) is small enough to al-
low linewidths of approximately 1 MHz at T = 0.64 K
(see Fig. 4). This property has not been previously
observed10,11, possibly due to differences in co-dopants
(phosphorus in our fiber and lanthanum in the fiber stud-
ied, e.g., in10). Another interesting observation is that
the value for Γ0 predicts a very narrow linewidth for
T → 0 K. However, note that this is only an extrapo-
lation of our observations down to T = 0.6 K, and it is
likely that other processes limit the linewidth to a con-
stant value at lower temperatures.
V. THREE-PULSE PHOTON ECHO
MEASUREMENTS – SPECTRAL DIFFUSION AT
LARGE TIMESCALES
Finally, to investigate spectral diffusion at timescales
comparable to the excited-state lifetime of Er3+ (11 ms),
3PPE measurements were carried out at a temperature
of T = 0.76 K. We chose two values of the magnetic field:
B = 0.06 T for which the coherence lifetime exhibits a
local maximum, and B = 2 T for which the effect of
spectral diffusion due to Er3+-Er3+ interaction is small
and the coherence is limited by the interaction with TLS.
For these measurements, the separation time t12 between
the first two pulses was held constant at 50 ns and the
echo intensity was measured as a function of the time
t23 between the second and third pulse, with t23 varying
between 0.001 ms and 35 ms. The echo intensity is given
by
I (t12, t23) =
I0
{
e−t23/T1 +
β
2
TZ
TZ − T1
(
e−t23/TZ − e−t23/T1
)}2
× e−4 t12piΓeff (t12,t23).
(8)
where I0 is a scaling coefficient and β the branching ratio
from the excited-level (with lifetime T1) to the other Zee-
man sublevel of the ground state (with lifetime TZ)
18. A
fit to our data with T1 = 11 ms yields the effective ho-
mogeneous linewidth Γeff that depends on t12 and t23.
The measurement results are shown in Fig. 5, which
also includes fits of the expected logarithmic dependence
1 10 102 103 104 105
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FIG. 5. Effective homogeneous linewidth as a function of t23,
derived from 3PPE measurements at T = 0.76 K at B =
0.06 T (empty circles) and B = 2 T (filled circles). The ex-
perimental data is fitted by Eq. 8 with γ = 0.376 MHz/decade
and 0.410 MHz/decade at B = 0.06 T and 2 T respectively.
of Γeff on t23 due to coupling to TLS in fiber
16,29:
Γeff(t12, t23) = Γ(t0) + γ log10
(
t23
t0
)
. (9)
Here, Γ(t0) is the effective linewidth at the minimum
value of t12 + t23 ≡ t0, and γ is a coupling coefficient.
The value of Γ(t0) is set to the one we measured in
the 2PPE at the same magnetic field. We find excel-
lent agreement for γ = 0.376 MHz/decade at B = 0.06 T
and γ = 0.410 MHz/decade at 2 T. We find that, as
in the case of short waiting times, our Er3+-doped fiber
features better coherence properties for small magnetic
fields. Furthermore, effective linewidths at long waiting
times barely improve when increasing the field to 2 T.
This implies that spectral tailoring of the absorption pro-
file with MHz resolution is possible even after large delays
of up to hundreds of ms. In particular, this allows our
fiber to be used as a quantum memory for light9.
VI. CONCLUSION
In conclusion, we have experimentally and theoret-
ically investigated decoherence and spectral diffusion
over a large range of timescales in an erbium-doped
fiber similar to the one in which persistent hole burn-
ing has recently been demonstrated6. Our model com-
bines the semi-empirical model framework developed for
amorphous hosts, where spectral diffusion is caused by
the interaction with two-level systems, and the theoret-
ical framework successfully applied previously for Er3+-
doped crystals, where spectral diffusion is due to Er3+-
Er3+ magnetic dipole interactions. Most importantly,
we found coherence lifetimes at small magnetic fields, at
which Zeeman lifetimes can be as long as seconds, that
are comparable to those at high magnetic fields. This is
crucial for applications in the field of quantum informa-
tion processing, in particular quantum memory for light9.
6VII. ACKNOWLEDGMENTS
The authors thank Daniel Oblak and Neil Sinclair for
discussions and acknowledge support from Alberta In-
novates Technology Futures (ATIF), the National Engi-
neering and Research Council of Canada (NSERC), the
US National Science Foundation (NSF) under award nos.
PHY-1415628 and CHE-1416454, and the Montana Re-
search and Economic Development Initiative. Further-
more, W.T. acknowledges support as a Senior Fellow of
the Canadian Institute for Advanced Research (CIFAR).
∗ Present address: Laboratoire Aime´ Cotton, CNRS-UPR
3321, Univ. Paris-Sud, Baˆt. 505, F-91405 Orsay Cedex,
France; The two first authors contributed equally to the
work.
† The two first authors contributed equally to the work.
‡ Present address: Department of Physics, University of Al-
berta, Edmonton, AB, Canada
1 W. Tittel, M. Afzelius, T. Chanelie`re, R. L. Cone, S. Kro¨ll,
S. Moiseev, and M. Sellars, Laser & Photonics Reviews 4,
244 (2010).
2 A. I. Lvovsky, B. C. Sanders, and W. Tittel, Nature Pho-
tonics 3, 706 (2009).
3 C. W. Thiel, T. Bo¨ttger, and R. L. Cone, Journal of Lumi-
nescence Selected papers from DPC’10, 131, 353 (2011).
4 E. Saglamyurek, N. Sinclair, J. A. Slater, K. Heshami,
D. Oblak, and W. Tittel, New Journal of Physics 16,
065019 (2014).
5 C. Thiel, W. Babbitt, and R. Cone, Physical Review B
85, 174302 (2012).
6 E. Saglamyurek, T. Lutz, L. Veissier, M. P. Hedges, C. W.
Thiel, R. L. Cone, and W. Tittel, Physical Review B 92,
241111 (2015).
7 P. w. Anderson, B. I. Halperin, and C. M. Varma, Philo-
sophical Magazine 25, 1 (1972).
8 W. A. Phillips, Journal of Low Temperature Physics 7, 351
(1972).
9 E. Saglamyurek, J. Jin, V. B. Verma, M. D. Shaw, F. Mar-
sili, S. W. Nam, D. Oblak, and W. Tittel, Nature Pho-
tonics 9, 83 (2015).
10 R. M. Macfarlane, Y. Sun, P. B. Sellin, and R. L. Cone,
Physical Review Letters 96, 033602 (2006).
11 M. U. Staudt, S. R. Hastings-Simon, M. Afzelius, D. Jac-
card, W. Tittel, and N. Gisin, Optics Communications
266, 720 (2006).
12 R. M. Macfarlane, Y. Sun, P. B. Sellin, and R. L. Cone,
Journal of Luminescence Proceedings of the Ninth Interna-
tional Meeting on Hole Burning, Single Molecule, and Re-
lated Spectroscopies: Science and ApplicationsHole Burn-
ing, Single Molecule, and Related Spectroscopies: Science
and Applications, 127, 61 (2007).
13 M. M. Broer, B. Golding, W. H. Haemmerle, J. R. Simp-
son, and D. L. Huber, Physical Review B 33, 4160 (1986).
14 J. L. Zyskind, E. Desurvire, J. W. Sulhoff, and D. J. D.
Giovanni, IEEE Photonics Technology Letters 2, 869
(1990).
15 Y. Sun, R. L. Cone, L. Bigot, and B. Jacquier, Optics
Letters 31, 3453 (2006).
16 J. L. Black and B. I. Halperin, Physical Review B 16, 2879
(1977).
17 J. Jackle, Zeitschrift fur Physik 257, 212 (1972).
18 T. Bo¨ttger, C. W. Thiel, Y. Sun, and R. L. Cone, Physical
Review B 73, 075101 (2006).
19 C. W. Thiel, R. M. Macfarlane, T. Bo¨ttger, Y. Sun, R. L.
Cone, and W. R. Babbitt, Journal of Luminescence Special
Issue based on the Proceedings of the Tenth International
Meeting on Hole Burning, Single Molecule, and Related
Spectroscopies: Science and Applications (HBSM 2009) -
Issue dedicated to Ivan Lorgere and Oliver Guillot-Noel,
130, 1603 (2010).
20 T. Bo¨ttger, C. W. Thiel, Y. Sun, R. M. Macfarlane, and
R. L. Cone, Journal of Luminescence The 17th Inter-
national Conference on Luminescence and Optical Spec-
troscopy of Condensed Matter (ICL’14), 169, Part B,
466 (2016).
21 W. A. Phillips, Reports on Progress in Physics 50, 1657
(1987).
22 U. Buchenau, M. Prager, N. Nu¨cker, A. J. Dianoux, N. Ah-
mad, and W. A. Phillips, Physical Review B 34, 5665
(1986).
23 H. Asatryan, R. Zakharchenya, A. Kutsenko, R. Babunts,
and P. Baranov, Physics of the Solid State 49, 1074 (2007).
24 C. Ammerlaan and I. de Maat-Gersdorf, Applied Magnetic
Resonance 21, 13 (2001).
25 T. Nolte, T. Pawlik, and J.-M. Spaeth, Solid state com-
munications 104, 535 (1997).
26 D. Bravo and F. Lopez, The Journal of chemical physics
99, 4952 (1993).
27 R. Reynolds, L. Boatner, C. Finch, A. Chatelain, and
M. Abraham, The Journal of Chemical Physics 56, 5607
(1972).
28 A. Belyaeva, V. Eremenko, V. Pavlov, and A. Antonov,
Optics and Spectroscopy 25, 55 (1968).
29 R. J. Silbey, J. M. A. Koedijk, and S. Vo¨lker, The Journal
of Chemical Physics 105, 901 (1996).
